The acquisition of the oral microbiome is a complex process. We examined how the timing of microbial exposure alters bacterial colonization of the tooth surface. Germfree mice were conventionalized by exposure to specific pathogen-free (SPF) mice to acquire a commensal microbiome over three distinct 4-week periods, 0-4 weeks of age (Conv0-4w), 4-8 weeks (Conv4-8w), or 8-12 weeks (Conv8-12w). Bacterial DNA was extracted from the tooth surface and analyzed by 16S rDNA sequencing. Total bacteria and inflammatory cytokine expression in gingiva were determined by quantitative real-time polymerase chain reaction. After co-housing with SPF mice, Conv0-4w and Conv4-8w mice had low bacterial diversity, whereas Conv8-12w mice had high bacterial diversity that was similar to that of SPF donor mice, as determined by both operational taxonomic units and the Shannon Index. Cluster analysis with unweighted Unifrac distance also supported these trends. This was surprising as the amount of maturation time, 4 weeks, was equal in all conventionalized mice and tooth eruption was largely completed by 4 weeks. This suggests that host factors that occur after tooth eruption have a significant effect on the microbial tooth colonization.
| INTRODUCTION
Approximately 10% of cells in the human body are from the host, whereas the majority originate from the microbiota. 1 As the initial point of the digestive tract, the oral cavity houses over 700 bacterial species. [2] [3] [4] The oral microbiome not only contributes to oral homeostasis and pathology, 5 but may also contribute as a risk factor for other diseases including cancer, 6 diabetes mellitus, 7 cardiovascular diseases, 8 and preterm birth/low birthweight. 9, 10 The acquisition of oral bacteria has a strong influence on the host. Gnotobiotic (axenic and defined flora) mice have proven to be an extremely useful model system for understanding the interactions between the host and the microbiome. 11 For example, they have been used to study the dynamics of IgA immune responses and the role of commensal bacteria in modulating alveolar bone levels. 12, 13 With the increased use of gnotobiotic mice, a large number of studies indicate that exposure to microbes at critical periods will influence immune system development, the maintenance of immune health, and the development of immune-mediated diseases. [14] [15] [16] Marra et al.
demonstrated that microbial exposure in early postnatal life is important for the proper development of immune-regulatory mechanisms, and so prevents inappropriate T-cell responses and inflammatory diseases later in life. 17 The first encounter of a newborn with microbial colonizers occurs at birth and in the subsequent hours after delivery. Only a subset of microbes is capable of colonizing the early infant oral microbiome. The early colonizers are thought to establish an environment suitable for later colonizers. During the first year of life, the infant oral cavity progresses from a sterile environment to one that has considerable complexity. [18] [19] [20] Our understanding of how the timing of microbial exposure alters bacterial colonization of the oral cavity and the host response to this bacterial community is still incomplete. For this purpose, we colonized germ-free (GF) mice at different time-points with microbes from specific pathogen-free (SPF) mice to investigate the acquisition of a commensal microbiota in the oral cavity. We expected bacterial diversity to be dependent on tooth eruption and to differ substantially between the period when tooth eruption occurs and after tooth eruption was largely completed. However, this was not the case, as bacterial diversity during and immediately after tooth eruption was similar. However, after tooth eruption there were significant differences in bacterial transfer from SPF mice to GF mice of age 4-8 weeks compared with mice that were 8-12 weeks old. Also surprising was that the amount of bacteria transferred in very young mice was greater than the transfer to older mice, despite the fact that in very young mice teeth were erupting. This greater bacterial colonization coincided with higher cytokine levels in the adjacent gingiva of very young mice.
| METHODS

| Animals and sample collection
Germ-free BALB/c mice were reared in flexible film isolators under germ-free conditions in the Medical University of South Carolina
Gnotobiotic Animal Core and fed sterilized Tekl and diet 8656
(Harlan Laboratories Inc., Indianapolis, IN). At age 0 weeks (neonates), 4 weeks, or 8 weeks GF mice were co-housed with 9-to 13-week-old SPF female mice for 4 weeks. Hence, GF mice were conventionalized by co-housing with SPF mice to acquire a commensal microbiome at 0-4 weeks of age (Conv0-4w), at 4-8 weeks of age (Conv4-8w), or at 8-12 weeks (Conv8-12w) and compared with SPF mice. In addition, GF mice were inoculated with fecal contents from donor SPF mice once close to the start of co-housing. Approximately 0.1 g feces was homogenized in 1 mL of PBS and 200 μL was inoculated into the oral cavity and 800 μL placed at sites that are frequently contacted during self-grooming such as the fore paws and posterior of the ears. Dirty bedding was also carried over to the clean cage during the weekly cage change. For the Conv0-4w group, the GF pregnant dams were removed from the gnotobiotic isolators and co-housed with SPF females 4-5 days before the actual delivery date. Therefore, GF neonates were delivered into a non-GF environment and were exposed at day 0 to the SPF donor. In addition, a fetal inoculum was placed once on the nursing dams mammary tissue and onto the neonate's skin once, 1-2 weeks after delivery. Mice were fed the same diet regardless of group. Each group consisted of five to ten mice and that were divided into four groups: Conv0-4w (male pre-pubescent recipients), Conv4-8w (female post-pubescent recipients), Conv8-12w (female post-pubescent recipients), and SPF (female donors).
Mice were euthanized by carbon dioxide followed by cervical dislocation after 4 weeks of co-housing. To obtain tooth-associated bacteria, incisor and molar crowns were cut along the edge of the alveolar bone crest using a sterile blade under a stereoscopic microscope after the removal of free gingiva, and bacteria were separated from the tooth surface in cell lysis buffer with a DNeasy kit (Qiagen, Valencia, CA) with bead beating (Polysciences, Philadelphia, PA). After a 60-second vortex, DNA present in the buffer was isolated using a DNeasy kit and quantified with a spectrophotometer (Tecan, Männedorf, Switzerland).
| 16S rDNA analysis
Amplification of the V4 region of 16S ribosomal DNA (16S rDNA) (IDT, Coralville, IA) was performed in 50-μL reactions and then purified with both Agencourt XP DNA purification beads (Beckman Coulter, Beverly, MA) and QiaAmp DNA Mini Spin columns (Qiagen).
The sequencing was performed using two-pair end MiSeq, and data were analyzed using QIIME software. 21 The trimmed reads were clustered into operational taxonomic units (OTUs) at 97% identity level over an alignment and assigned to the respective genus-level taxa.
α Rarefaction was performed using Observed Species and Shannon index. β Diversity was estimated by computing unweighted UniFrac distances between samples using QIIME. 22 The relative abundance of each taxon was then computed for each mock community sample at each taxonomic level.
| Quantitative real-time polymerase chain reaction
The total number of bacteria on the tooth surface was determined by quantitative real-time polymerase chain reaction (PCR) of the 16S rRNA gene (total bacteria) in the ABI 7500 Fast system (Applied Biosystems, Foster City, CA). 21 The primer set used to enumerate total bacterial load was as follows 23 : 16S rRNA (Universal; total bacterial load) 5′-TCCTACGGGAGGCAGCAGT-3′, 5′-GGACTACCAGGGT ATCTAATCCTGTT-3′.
| RNA extraction and quantitative real-time polymerase chain reaction
Gingiva surrounding the molar teeth were separated and total RNA was extracted from gingival tissue using an RNeasy kit (Qiagen) followed by reverse transcription. Total RNA (1 μg) was reverse transcribed using High Capacity RNA-to-cDNA kit (Applied Biosystems).
The target genes interleukin-1β (IL-1β) and IL-12β Taqman primers and probes were designed using the Universal Probe Library Assay
Design Center (Roche, Basel, Switzerland). The gingiva collected from the 4-week-old GF mice (GF4w), as the control group, and the Conv0-4w mice were gender matched. Results were normalized with respect to the value obtained for the housekeeping gene RPL32, a ribosomal protein. Each experiment was performed two to four times with similar results.
| Statistical analysis
Statistical analyses were performed using Graphpad prism (Version 5.0) software (GraphPad, San Diego, CA). All data were expressed as mean±SE. One-way analysis of variance was used to compare the difference of observed OTUs, Shannon index, and inflammatory cytokines expression. P<.05 was considered statistically significant. 
| RESULTS
| Recipient mouse age influences oral microbial diversity during conventionalization of GF mice
| Recipient mouse age influences oral microbial composition during conventionalization of GF mice
To further analyze the microbial community associated with the tooth surface, the relative abundance of microbial taxonomic groups at the family or genus levels was examined ( Figure 3A) . For the top five abundant OTUs (Staphylococcus, Streptococcus, Lactobacillus, Enterococcus and Enterobacteriaceae) a distinct pattern was observed ( Figure 3B-G) . Following co-housing with SPF mice, Conv0-4w mice acquired a higher proportion of Enterobacteriaceae at an abundance of 48.9%, which was approximately eight-fold higher than the levels found in the SPF donor group (P<.05) ( Figure 3C ). In the Conv4-8w group, the predominant bacterial genus was Enterococcus with an average abundance of 76%, which was nine-fold higher than the levels found in the SPF donor group (P<.05) ( Figure 3D ). Staphylococcus and Streptococcus did not transfer efficiently from the SPF donor mice to the Conv0-4w or Conv4-8w recipient mice (P<.05) ( Figure 3E, F) .
In contrast, the constituent ratios and relative abundance of the top five bacteria at the family and/or genus-level in Conv8-12w mice was similar to the SPF donor mice (P>.05) ( Figure 3B ). The relative abundance of Lactobacillus in Conv8-12w mice and SPF donor mice was higher compared with Conv0-4w mice and Conv4-8w mice but the difference did not reach significance (P=0.06) ( Figure 3G ).
| Reconventionalization of neonatal GF mice induces elevated inflammatory cytokine expression
Co-housing of SPF mice with GF mice resulted in differences in total bacterial levels on the tooth surface that varied depending on the age of the GF mouse. The total bacterial load in the Conv0-4w group was two-fold higher when compared with other recipient and donor groups (P<.05), whereas the tooth surface bacterial loads in Conv4-8w, Conv8-12w and SPF mice were similar (P>.05) ( Figure 4A ). 
(A) (B) (C) (D) (E) (F)
To investigate potential mechanisms for the higher bacterial burden in the Conv0-4w group the level of inflammation was examined.
Quantitative real-time PCR analysis of RNA from gingival tissue demonstrated that IL-1β and IL-12β were two-to three-fold higher in Conv0-4w mice compared with the other three groups (P<.05).
There was no significant difference among Conv4-8w, Conv8-12w
and SPF mice (P>.05). The GF control group expressed lower levels of IL-1β and IL-12β compared with ConvD0-4w mice ( Figure 4B, C) .
The results suggest a relationship between higher bacterial levels in Conv0-4w mice and higher inflammatory cytokine levels in this group.
| DISCUSSION
The top five abundant OTUs in the oral cavity of the mice in our study
were Staphylococcus, Streptococcus, Lactobacillus, Enterococcus and 
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k__Bacteria;p__Firmicutes;c__Bacilli;o__Bacillales;f__Staphylococcaceae;g__Staphylococcus k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Streptococcaceae;g__Streptococcus k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Enterococcaceae;g__Enterococcus k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Lactobacillalceae;g__Lactobacillus k__Bacteria;p__Firmicutes;c__Bacilli;o__Lactobacillales;f__Enterococcaceae We found that there were substantial differences in diversity but the periods when diversity changed were somewhat surprising.
Tooth eruption occurs during weeks 0-4 and eruption of the first two molars is largely completed by week 4, so we expected there to be a substantial difference in bacterial diversity between 0-4 weeks and 4-8 weeks. However, no significant difference was noted in the number of bacterial taxa identified between 0-4 and 4-8 weeks. Instead, the largest difference in diversity occurred between weeks 4-8 and weeks 8-12. These differences and similarities were shown by both α diversity and β diversity. The Conv8-12w bacterial and SPF bacterial communities were approximately two-fold more diverse than the Conv0-4w and Conv4-8w recipient bacterial communities, as determined by OTUs and Shannon diversity index. Cluster analysis with unweighted Unifrac distance also supported these trends, showing a significant difference between bacteria from Conv0-4w and SPF mice and between Conv4-8w and SPF mice but no difference between Conv8-12w and SPF mice. The results are not simply due to biofilm maturation since the maturation period, 4 weeks, was the same. This suggests that factors that occur after tooth eruption have a significant effect on the microbial tooth colonization. We were not able to isolate the aspects of the host that are responsible for these differences but it is possible that they include factors related to immune system maturity. Our experiments were generally carried out with female donors and recipients except for the pre-pubescent Conv0-4w group, which consisted of males. Interestingly, Yurkovetskiy et al. 27 showed that the number of microbial species in gut samples was not significantly different between male and female 4-week-old recipients, whereas postpubescent mice harbored gender-biased microbial composition. 27 Hence, it is possible that gender-based differences need to be taken into account when interpreting the results of experiments with the oral microbiome, particularly in post-pubescent groups when hormonal changes associated with gender may affect microbial composition. 
F I G U R E 3 ( C O N T I N U E D )
Pro-inflammatory cytokines IL-1β and IL-12β are important mediators in the initiation and enhancement of gingival inflammation. [28] [29] [30] We found a positive correlation between bacterial burden and the inflammatory cytokine expression, which is consistent with other studies. Abusleme et al. demonstrated that increased inflammation in periodontal tissue may be due to an overall greater bacterial challenge, and the relationship between these two factors is reciprocal.
Higher microbial load may represent a greater challenge to the host, which responds with increased inflammation, which in turn results in increased biomass through greater supply of host-derived nutrients. 31 Other studies have demonstrated that the inflammatory environment of periodontal tissue is favorable for bacterial growth since degraded host proteins and hemin within the gingival inflammatory exudate are a rich source of nutrients. This, moreover, can alter the composition of microbiota, favoring the growth of inflammation-related bacteria. These changes result in even higher inflammation and tissue resorption, leading to increased niche space for the bacteria.. 12, 32 Additionally, it has been reported that the relative salivary volume of 12-to 20-week-old mice is lower than those of 6-week-old C57BL/6 mice. 33 Saliva is widely recognized as a primary source of carbon and nitrogen for growth of the oral bacterial community and contains antibacterial factors that modulate bacterial growth. 34, 35 It is possible that differences in saliva affect the higher bacterial burden in Conv0-4w mice compared with the other groups. It is worth noting that the high level of cytokine expression in the youngest group of GF mice is unlikely due to tooth eruption alone as the matched control group had low levels of IL-1β and IL-12β.
The Conv0-4w mice had a microbial composition that was also different when compared with the other groups. Enterobacteriaceae was the most abundant taxa in Conv0-4w mice and may be associated with a higher degree of inflammation. This interpretation agrees with Lupp et al., 36 who found that host-mediated inflammation disrupts the murine intestinal microbiota and supports the growth Enterobacteriaceae. In humans, Enterobacteriaceae are increased in individuals with poor oral hygiene and chronic gingivitis.
37-39
Enterococcus was the predominant bacterium found in Conv4-8w mice. The explanation for the striking difference in Enterococcus between Conv0-4w and Conv4-8w mice is not entirely clear but could be related to tooth eruption or to weaning, both of which are largely completed by day 28. 40, 41 Other studies have demonstrated that some species of Enterococcus (Enterococcus faecalis and Enterococcus coli) appear in the oral cavity due to the appearance of the teeth. In conclusion, we found that the ecological succession of the bacterial communities and the inflammatory response to the acquired microbes depended on the timing of microbial exposure. Surprisingly, bacterial diversity was not strictly related to tooth eruption, indicating that other factors related to the host such as immune maturity may play an important role. Furthermore, there may be a reciprocal relationship between increased bacterial load and greater gingival inflammation in the transfer of bacteria to the Conv0-4w group.
